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Recently, some of us described the ability of B. megatherium extracts to use selectively one strand of the DNA of its bacteriophage a as a template for RNA synthesis, excluding the other strand.14 The RNA produced in this in vitro system is asymmetric. Its interactions with aDNA and the purified purine-rich ("light") strand of aDNA are the same as those of pulse-labeled RNA from phage a-infected B. megatherium. We had shown that the complete integrity of phage DNA is not essential for such asymmetric synthesis, but that its ordered helical conformation is. In this communication we assays of DNA-RNA homology. T2 RNA Two types of bacterial extracts were pre-synthesized asymmetrically with E. coli RNA pared: (1) supernatant fractions were pre-polymerase is annealed with T2 and aDNA pared:
(1 describedpreviously byract ndions.
we for 6 hr at 60'C in 2 SSC. RNA concentration pared as described previously by griding bac-in the annealing mixture, 0.65 gg/ml. Aliteria with alumina and centrifuging 2-2'/2 hr quots of each annealed sample are taken for at 90,000 gin the cold; (2) (NH4)2SO4 fractions (a) digestion for 15 min at 370C with 5 ug were prepared from these supernatants at O'C pancreatic RNase/ml and 0.5 Ag Ti RNase/ml in 0.5 ml SSC + 0.1 M Tris, pH 7.5 followed by adding the solid salt. The material precipi-by TCA precipitation; (b) RNase digestion tating at 40 or 60% saturation was collected (as above) followed by filtration through nitroand redissolved in 0.01 M Tris, pH 7.9, 0.01 M cellulose membranes; (c) filtration through MgCl2, 10-4 M EDTA.2n nitrocellulose without prior RNA degradation.
Preparation of RNA labeled with CTP-H3 Results of annealing with T2DNA:X g, , .
and assays of DNA-RNA homology were per- DNA-RNA homology was measured by retention of annealed DNA-RNA hybrids on nitrocellulose filters after RNase digestion'6 17 as described previously.'3 This permits measurements against low backgrounds. However, the following experiment suggests that it underestimates the amount of RNA homologous to a given DNA:'7 T2 RNA is annealed to various concentrations of T2 and aDNA and analyzed for retention on nitrocellulose filters with and without RNase digestion, as well as for TCA precipitability after RNase digestion. The data are shown in Figure 1 . The level of artifact interaction with heterologous aDNA is seen to be low when detected either with or without RNase digestion. On the other hand, the estimates of annealing of T2 RNA with T2 DNA, with and without RNase digestion, are very different (Fig. 1, curves b and c) aDNA and aLDNA: (a) the RNA synthesized when denatured aDNA serves as a template in megatherium extract; (b) the symmetric RNA that is made when aDNA serves as template for purified M. lysodeikticus polymerase; and (c) the asymmetric RNA that is made when native aDNA serves as the template for unfractionated B. megatherium supernatant. The pattern of self-annealing of these RNA preparations is shown in Figure 3 (curves b and c). The qualitative distinction between these asymmetric and symmetric RNA preparations can be drawn by the use of either technique.
Experiments and Discussion.-The system in which we previously found asymmetric RNA synthesist is an homologous one-an extract of uninfected B. megatherium acting on the DNA of one of its phages. It resembles, in this respect, the other systems in which asymmetric"2 or otherwise restricted23 RNA synthesis has been demonstrated. We were interested in seeing to what extent homology of extract and DNA was an absolute requirement. For this purpose we designed a series of experiments in which various bacterial extracts were used with a given DNA template and another series in which a given bacterial extract was used with various phage DNA templates. Using an aDNA template, it was found that ribosomal supernatant fractions from a variety of bacteria synthesize at least partially asymmetric RNA (Fig. 4) . All of the extracts incorporate ribonucleoside triphosphates, to varying extents, into TCA-insoluble material in the absence of added DNA; some (Aerobacter, Pseudomonas) can be only slightly stimulated by added DNA. Nevertheless, a substantial portion (Fig. 4) of the RNA that is synthesized by each extract, anneals specifically with aDNA, and therefore serves our purpose. These extracts make much less aLDNA-complementary than total aDNA-complementary RNA. The relative extent of annealing with a and aLDNA varies from preparation to preparation but (cf. Figs. 2b and c) all demonstrate pronounced asymnietry using heterologous systems of enzyme and DNA. Similarly, other DNA's can serve as templates for the synthesis of asymmetric RNA. In one series of experiments (NH4)2SO4 fractions of Ps. fluorescens were used, whose GTP32-incorporation could be stimulated two-to threefold by added salmon DNA. The by RNA as a result of self-annealing.
(a) B. subtilis; synthesized RNA is at a concen-
The samples are described in Fig. 2 . tration of 0.45,ug/mlin the annealing mixture.
Conditions of annealing as in Fig. 2; (b) B. cereus; RNA concentration 0.85 ,g/ml.
analysis described in Methods. The "zero (c) E. coli; RNA concentration 0.7 ,;g/ml.
concentration" sample is one that has been synthesized RNA, whose homology with the added DNA template was measured, was analyzed by RNA-RNA self-annealing. Substantially asymnmnetric RNA synthesis could be demonstrated for SPO1 (a B. subtilis phage) (Fig. 5, curve b) , and T2 (Fig. 5, curve c) , as well as a (Fig. 5, curve a) DNA. Other combinations of crude enzyme and DNA have also yielded asymmetric RNA (e.g., Fig. 5, curve d) . The possibility of asymmetric RNA synthesis in heterologous systems is clearly established by these experiments.
We turn next to a series of experiments in which special attention was given to E. coli polymerase. This is the enzyme which has been the subject of more inquiries regarding asymmetric and restricted RNA synthesis than any other. We find that T2 DNA serves as a template for its asymmetric RNA synthesis (Fig. 6 , curve a). Helical DNA is required (Fig. 6, curves a and b) . The self-annealing of symmetric T2 RNA is shown for comparison (Fig. 6, curve c) , and the asymmetry of the RNA made when T2 is used in the B. megatherium extract is shown in curve d. In all four preparations, a large fraction of the synthesized RNA anneals with T2 DNA, so that the self-annealing assays must reflect properties of the T2 RNA. 20 It seems interesting to follow this property of the E. coli RNA polymerase during the course of purification. It is present in the crude ribosomal supernate (aDNA, Fig. 4 , curve c), persists after much of the nucleic acid has been removed by (NH4)2-S04 or streptomycin precipitation (data not shown), and remains in more highly purified (NH4)2SO4 or DEAE fractions (Fig. 6, curve a) . Hence, asymmetric transcription is not a property that is gained by the enzyme as it is freed of contaniinant proteins such as nucleases, but is there to begin with. However, not all DNA templates yield asymmetric RNA with E. coli polymerase. The ttanscription of SPO1 and T7 DNA (Fig. 7) less so than that of T2 DNA (Fig. 6, curve a) . That of N1 and B3 DNA, the hosts of which are M. lysodeikticus and Ps. fluorescens, respectively, fails to show asymmetry sufficiently pronounced to be detectable by the methods used here. We do not yet know what it is that distinguishes these DNA's prepared in similar ways and offering no obvious sign of DNA disorder.
Comments.-RNA synthesis, in vivo, is assumed to be initiated at defined chromosomal loci and to proceed in a unique direction relative to the transcribed DNA strand. The extent to which an in vitro system displays these same properties determines its suitability for a variety of purposes. What inferences about these properties of an RNA-synthesizing system can be drawn from observations on the asymmetry of RNA? Four possible situations may be considered as plausible for an in vitro system: (1) Synthesis may be initiated at any (or very many) location(s) on either DNA strand and proceed in a defined direction. In a macroscopic system, after any arbitrary period of synthesis, all possible complementary DNA sequences are thus transcribed, although the length of the RNA chains in which they are contained is time-dependent. The RNA is symmetric, capable of self-annealing. (2) Only one of the complementary DNA strands serves as a transcription template. Whether initiation of RNA polymerization on the transcribing strand is restricted or not, the product RNA is totally asymmetric. (3) RNA synthesis may be initiated at a limited number of sites on both the complementary DNA chains. The asymmetry of the RNA product depends on the extent of synthesis. For sufficiently limited synthesis, the product may be completely asymmetric even in the absence of termination sites. (4) RNA synthesis can only be initiated in part of the chromosome. The product, whether symmetric or asymmetric, is unable to hybridize with portions of the DNA offered as template. Asymmetry analysis by itself therefore serves mainly to identify initiation of RNA synthesis at restricted loci. Auxiliary information, derivable, for example, from quantitative study of DNA-RNA annealing'7 and kinetics of RNA synthesis,2' is needed to determine the frequency of initiation sites, the distribution of RNA species, and their relationship to messenger RNA.
In these terms, the currently available data regarding the mode of action of vari- Fig. 2 ; analysis described under Methods. SPO1 RNA synthesized with E. coli polymThe "zero concentration" sample is one that has erase (DEAE fraction prepared by M. been heated as described in Fig. 3 Khesin and co-workers23 last year claimed, on the basis of competitive RNA-DNA annealing experiments, that T2 DNA served as template for restricted RNA synthesis with relatively crude E. coli extracts. The asymmetric T2 RNA synthesis reported here also requires that initiation of RNA synthesis on the DNA template be restricted (scheme 2 or 3). The mechanism of asymmetric synthesis of aRNA14 in various systems is, like that of OX174,12 additionally defined by the availability of fractionated DNA strands and is consistent only with scheme 2. The experiments reported herein contribute the following information regarding a variety of purified and crude DNA-dependent RNA polymerizing systems: (1) Asymmetric transcription of aDNA occurs not only with the homologous B. megatherium extracts but with supernatant preparations of a number of unrelated bacterial species. (2) Other DNA templates also yield asymmetric RNA in bacterial supernatant preparations. (3) Asymmetric transcription of T2 and, to some extent, other DNA's is a property of E. coli RNA polymerase at various stages of purification. Clearly, this property is one that is' present to begin with, not one that is acquired at the last stages of purification. In comparing these experiments with the prior studies of E. coli polymerase and messenger RNA synthesis in E. coli, one would postulate that the property can be lost. However, the conditions under which this occurs are undefined. Possibly, different DNA templates show the results of different stages in this modification of the enzyme.
One may summarize our current understanding of asymmetric RNA synthesis broadly as follows: the asymmetric in vitro synthesis of RNA can be shown to occur in a considerable variety of systems not limited by homology. Like its in vivo counterpart, it involves the interaction of enzyme with limited numbers of initiation sites on DNA templates. However, in no instance, thus far, has the identity of these initiation loci in corresponding in vitro and in vivo systems been established. The ordering of the DNA secondary structure is essential for this restricted synthesis.'4 Evidently, base interactions in the DNA double helix modulate the DNA-enzyme interactions, so as to restrict the initiation of RNA polymerization. These template-enzyme interactions are also sensitive to changes in the protein, more sensitive, in the E. coli system, than the polymerase activity itself.'2 Possible models for these interactions and their changes abound in current work. 24 The precise mechanism remains to be elucidated. The discovery of N-acetylated amino acidsl1 2 at the terminals of a number of proteins naturally focused attention on the mechanism by which this acetyl group becomes attached. Pearlman and Bloch3 stimulated interest by a study related to the transfer of acetyl amino acid to sRNA using the supernatant fraction of calf liver. Narita et al.,4 using a similar preparation from rat liver, could not find such a transfer.2 They explain the activity of some acetyl amino acids in promoting ATPpyrophosphate exchange2 by the presence in liver extract of a deacetylase which liberates the free amino acids. Similar experiments done by us with calf liver extracts confirm the negative results of Narita as well as the presence of an active
